Introduction 34
The necessity of finding a route between the nest and a feeding site characterises a bumblebee's 35 everyday life as well as that of other hymenopterans. Bumblebees hatch inside their nest. When they 36 leave it to forage for the first time, they are completely naïve and unfamiliar with its surroundings. The 37 nest hole of most ground nesting insects, such as bumblebees, are inconspicuous and hard to find for 38 humans, which makes it even more impressive, that bumblebees find the nest entrance after returning 39 from a foraging trip. To accomplish this challenging task, the insect is required to gather sufficient 40 information about the surroundings of the nest hole, suggesting an intrinsic learning program. This 41 learning program should manifest itself in the flight structure of the departure flights immediately after 42 leaving the nest for the first time. However, such a program cannot be expected to be entirely static and 43 stereotyped, as it needs to be somehow adjusted to the particular environmental situation. This 44 situation is unpredictable for the bee when leaving the nest hole for the first time and may differ much, 45 for instance, when the nest entrance is oriented horizontally or vertically, or when the vegetation next to 46 it is tightly cluttered or, alternatively, only loosely scattered. 47
Characteristic flight patterns, commonly interpreted as learning flights, have been observed in bees and 48 wasps when they are unfamiliar with the surroundings of a relevant place. Then they perform peculiar 49 flight sequences after leaving this place, which have been concluded to help gathering visual information 50 about the environment near this place. Previous studies describe such learning flights as distinct and 51 relatively stereotyped movement patterns with several common flight motifs. For social wasps, flight 52 manoeuvres of increasing arcs are characteristic (Zeil, 1992; Zeil, 1993a; Collett and Lehrer, 1993; Stürzl 53 et al., 2016) . Thereby the insects continually gain height and turn in such a way towards a pivoting point 54 that they keep the retinal image of the goal in the ventral part of the fronto-lateral visual field (Collett 55 and , Zeil et al. 2006 , Zeil et al 2009 . Similar flight patterns were also described for honeybees 56 when leaving a profitable food source, most of these flights containing a high amount of translational 57 movement and a backing away from the target structure while facing it for a large proportion of time 58 , Lehrer and Collett 1994 ). This behaviour, often termed turn-back-59 and-look behaviour, has been described by Lehrer (1991; for honeybees as part of an efficient 60 navigation system. Bumblebee departure flights from their nest hole show a loop-like structure which 61 differs from the arcing pattern of social wasps and honeybees ). Rather than 62 performing a turn-back-and-look behaviour bumblebees make small excursions away from the nest and 63 then fly back towards the nest region and look at it (Hempel de Ibarra et al. 2009 ; Philippides et al., 2013 ; 64 Collett et al., 2013) . These movement patterns might be part of an efficient navigation system in bumblebees that allows the insects to gather, learn and later retrieve the information in the vicinity of 66 their nest relevant for finding the way back to it. 67
Local homing of flying hymenopterans is assumed to rely mainly on visual cues, such as the spatial 68 constellation of conspicuous objects close to the goal or the skyline of the panorama surrounding it 69 (Collett and Collett, 2002; Collett et al., 2006; Towne et al., 2017) . Another visual cue exploited is optic 70 flow: Since stereopsis is not feasible for insects in the spatial range relevant for local homing, they largely 71 rely on visual information from retinal image displacements generated by their structured movements 72 (Gibson, 1950; Gibson, 1979; Srinivasan, 1993; Egelhaaf, 2009; Dittmar et al., 2010) . Translational 73 movement causes close target structures, such as the nest hole at departure and objects close to it, to 74 shift further across the retina than objects further away , which provides the insect 75 with depth information (Lehrer and Collett, 1994) . The location of the nest hole in relation to 76 surrounding environmental features, such as vegetation might thus be gathered and memorised in this 77 way . 78
Despite all these studies, the features of the environment and the flight manoeuvres that are essential to 79 find a way back to a specific place are not yet entirely clear. Furthermore, it is still an open question, 80 whether the insects learn during the entire first departure flight or only during specific parts of it, e.g. 81 when passing the place primarily in translational movement or at the end of an arc. Here, we address 82 these still unresolved problems by analysing the spatio-temporal characteristics of departure flights of 83 naïve bumblebees (Bombus terrestris) after they leave their nest the first time. Considering that 84 returning safely and fast to the nest is essential for bumblebees, our analysis will rest on the assumption 85 that learning behaviour is the outcome of dynamic interactions between innate behavioural learning 86 routines and visual information about the environment, which is actively shaped by just this behaviour as 87 a consequence of the closed action-perception loop. The intrinsic learning program is expected to 88 manifest itself, at least in a given environment, by a flight strategy with clearly invariant behavioural 89 motifs. Therefore, we searched for invariants across animals in the spatio-temporal characteristics of the 90 flight pattern that allow us to pinpoint the intrinsic behavioural program. 91
Several studies on local homing concentrated on the organisation of departure flights of bumblebees in 92 the experimenter, we did our analysis under laboratory conditions, where the environment is under 95 control by the experimenter. For the first time, we recorded outbound and inbound flight sequences of 96 marked bumblebees that have been initially naïve with respect to the visual environment of their nest 97 entrance in a systematic way, allowing us to analyse the process and development of learning. The 98 present paper is the first of a series of papers, which analyse the entire progression of learning and the 99 consequences for the spatio-temporal organisation of successful return flights to the nest after foraging 100 trips. In this first paper of the series, we focus on the very first outbound flights of bumblebees that are 101 entirely naïve regarding the specific environment in which they forage and attempt to answer the 102 following questions: In which way is the intrinsic behavioural program affected by the specific spatial 103 layout of the surroundings of the nest entrance? How stereotyped is the innate learning strategy and 104 how variable and inter-individually different may the behaviour be while still ensuring homing success? 105 106 Material and Methods 107
Animals and Experimental Setup 108
We obtained commercial bumblebee hives of Bombus terrestris (Linnaeus), containing only a few 109 individuals, from Koppert (Berkel en Rodenrijs, The Netherlands). The bee hive was kept within a cubic 110
Perspex box (each side measuring 30 cm) covered with black cloth in a room with a 12/12-hour light-dark 111 cycle. A Perspex tunnel connected the nest box to another box of the same size, where the animals were 112 free to fly and had access to an artificial feeder. In the first day after their arrival the bees had the 113 possibility to learn how to use the artificial feeder filled with a commercial sucrose solution from 114
Koppert, which was one of five feeders used later in the experiments. After one or two days the feeder 115 was removed for most of the time and only returned to prevent the animals from starving during phases 116
where no experiments were performed. The bumblebees had ad libitum access to pollen, directly put 117 into the nest box. From the Perspex tunnel between the boxes another tunnel section led the 118 bumblebees to a PVC tube (inner diameter 20 mm) connected to a hole in the floor of the test arena ( Fig.  119 1A). 120
The behavioural analysis was performed in an octagonal test arena with an inner diameter of 95 cm, 121 which was placed on a table (Fig.1A ). Each wall segment was 60 cm high and 40 cm wide. The floor of the 122 arena was covered with a red artificial grass carpet (Kunstgras Wereld, Antwerpen, Belgium) to add 123 structure to the ground, but no distinct cues, ensuring a stable flight performance by the bumblebees. 124
Eight holes (3 cm in diameter) were drilled into the arena floor. Each placed orthogonally to one of the 125 wall segments at a distance of 22 cm ( Fig.1B ). Throughout the different experiments, only one of the 126 eight holes was connected to the nest. The bumblebees could enter the arena via the PVC tube and 127 started their flights from the connected nest hole. Two white cylinders were placed at a distance of 10 128 cm from that hole to indicate its connection to the nest. Apart from these cylinders, the nest hole could 129 not be distinguished visually from the other holes. Regarding the holes in the floor, the arena was 130 symmetrical and provided an ambiguous situation for the experiments. A 3 m * 3 m acrylic glass plate in red was mounted 40 cm above the arena (Fig.1A ). Only light between 650 nm and 800 nm could pass 132 through the acrylic glass. Therefore, the bumblebees, able to see light only up to 640 nm (Skorupski, 133 2010), were prevented from seeing the ceiling of the room and the cameras, which were placed above 134 the glass plate ( fig. 1b ). To provide sufficient light for the camera recordings, eight white and 16 red LED 135 lamps were positioned symmetrically with respect to the arena centre on top of its walls (Fig. 1B) The bumblebees entered the test arena through one of the nest holes in the arena floor. Only one of 161 eight nest holes was connected to the nest during the experiments. We started the recordings 162 immediately when we detected the bumblebee at the nest hole. During the training procedure, the two 163 cylinders were placed next to the hole, which was connected to the nest and their positions were not 164 changed during the first departing and return flights of each recorded bee. Bumblebees were able to 165 forage at the feeding table during their flights in the flight room. After stopping a recording session at 166 the end of one day, the end of the PVC tube leading to the arena was cleaned with 70% ethanol to 167 remove potential odour cues placed by the bees. As a consequence of such a test arena, the space 168 available for the bumblebees' outbound and inbound flights was restricted. As an advantage of this 169 restricted space we could record the entire flight and not only a few seconds or fragments of the flight. The flight sequences from both cameras were analysed with the custom-built software ivTrace 176 (Lindemann, 2005 ; https://opensource.cit-ec.de/projects/ivtools) where the position of the bee and the 177 orientation of its body length axis were determined automatically. Additionally, ivTrace calculated the 178 body orientation (yaw angle) from the top camera. In some cases, ivTrace had problems to track the 179 elliptical form of the bumblebee's body, and the yaw angle could not automatically be determined. This 180 could happen when a bee crossed one of the nest holes or one of the edges between the wall segments. 181
Then the software could only partially distinguish the bees from the dark background. In cases in which 182 the automatic tracking procedure failed, the body position of the bee and the orientation of its length 183 axis were determined manually. The Camera Calibration Toolbox of MATLAB (Jean-Yves Bouguet) was 184 used for the camera calibration and the 3D stereo triangulation. A checkerboard pattern was used for 185 the calibration. We determined the difference between recordings by the camera and the calculation. 186
The average position error for the top and the side camera were 0.11 px and 0.09 px, respectively. For 187 some aspects of the analyses the bees' the time-series of body orientation angles was filtered using a 188 This study is based on the assumption that the spatio-temporal organisation of outbound flights of 196 bumblebees, after leaving the nest hole for the first time, is the outcome of dynamic interactions 197 between innate behavioural learning routines and visual information about the environment. As a 198 consequence of the closed action-perception loop, this information is actively shaped by the innate 199 behaviour. The astonishing feat that a single departure flight in an unpredictable environment is 200 sufficient for the initially naïve insects to find back to their home location, is worth to be investigated in a 201 systematic way. That bumblebees and other hymenopterans gather relevant information about the 202 environment on their departure flights from their nests is plausible as they perform peculiar flight 203 sequences, and the departure flights decrease in duration and complexity with experience (Lehrer, 1991; 204 Lehrer, 1993) . where the bees' altitude briefly exceeds 400 mm, but then returns to an altitude of less than 400 mm. 240
Phase 3 contains flight sections exceeding 400 mm altitude. Fluctuations which belong to phase 2 were 241 excluded. 242
The thresholds do not represent altitudes with an obvious change in flight style and might, to some 243 extent, be arbitrary. We ensured that the conclusions we will draw from our experiments are 244 independent from the specific classification into the three flight phases. 245
246
Leaving direction from the nest hole 247
When bumblebees leave their nest hole for the first time they do not know anything about its specific 248 surroundings. This means that they cannot know in which direction to head for their search for potential 249 feeding sites. Accordingly, the direction of the first departure from the nest hole should be arbitrary, 250 unless the tube leading the bee to the nest hole were in some way asymmetric. Therefore, we analysed 251 whether potential tube asymmetries affected the leaving direction of bees from the nest hole. This was 252 done by subdividing the arena floor around the nest hole into eight 45°-segments and counting the bees 253 entering each segment after leaving the nest hole. Only the first entered segment was counted, 254 independent of the segment where the bumblebee started its flight. A Chi 2 -test showed no significant 255 deviation from a uniform distribution at a significance level of p = 0.05 and, thus, no evidence that the 256 tube properties influence the bumblebees' direction of departure. A similar result was obtained for the 257 direction of take-off around the nest location (Chi 2 -test, p = 0.05 significance level). These results suggest 258 that the asymmetry in the flight pattern of the population of outbound flights (see next paragraph) is 259 independent of the asymmetries in the tube system that leads the bees to the nest hole. Accordingly reported to be rather inaccurate, since the image of the nest hole is kept within a rather extended retinal 312 area after the insect gained distance from the nest (Zeil, 1993a) . These studies suggest that it might be 313 useful, if not essential, for hymenopterans to look with the frontal part of their visual field at the nest 314 hole and its surroundings at least in the initial sections of the first outbound flight. 315
To assess whether this also holds for bumblebees, i.e. whether they keep the retinal image of the nest 316 hole in a specific range of the visual field during significant parts of the initial phase of the outbound 317 flights, a histogram of the retinal nest hole position was determined. Figure 7A shows that the nest hole 318 is broadly kept in the frontal visual field between -60° and +60° across tested bees for most of the time. 319
However, there seems to be no distinct region of the eye where the bumblebees fixated their nest hole. 320
Rather, bees tended to roughly look towards the nest hole and its neighbouring regions for most of the 321 time during the initial phase of outbound flights. This characteristic does not hold if bees gained height 322 during the subsequent flight phases. In phase 2, a Chi 2 -test (significance level of p = 0.05) showed no 323 significant deviation from a uniform distribution ( fig. 7B ). Furthermore, in phase 3, the retinal image of 324 the nest hole was in the rear part of the eye for more time than it was in the frontal visual field ( fig. 7C) . Inspired by these observations we took a closer look at the changes in turn-direction of body orientation 389 of bumblebees. The bees' body orientation shows an alternating sequence of clockwise (cw) and 390 counter-clockwise (ccw) rotations ( fig. 10A ). We analysed whether the reversals of turning direction are 391 generated in specific spatial regions in the arena relative to the nest hole to get hints as to what 392 environmental cues might trigger these changes. The locations where the bees perform CTD seem to be randomly distributed across the entire flight area during the initial phase of departure flights ( fig. 10B ). 394
Nevertheless, we observed a tendency for more clockwise CTD when the nest hole was on the right side 395 of the bee and more counter-clockwise CTD when the nest hole was on the left side ( fig. 10Ci and 10Cii) . 396
This behaviour might reflect attempts of the bee to keep the nest hole region in the frontal visual field, 397 performing a body rotation towards the nest when it leaves the fronto-lateral field. These attempts are 398 performed in a similar, though not as precise way, as has been concluded for wasps 399 Zeil, 1993a; Zeil et al., 2007; Zeil et al., 2009 ). This flight pattern disappears during later flight phases 400
where the nest hole region might only play a minor role in shaping the flight (data not shown). 401
For wasps Zeil (1993a) described a surprisingly constant rate of the CTD. For bumblebees we observed an 402 average period of 1.6 s for the overall flight. Furthermore, we did not find any specific differences in the 403 frequency of CTD for the different flight phases. Since the distance covered by the bee between CTD 404 increased with altitude, the flight velocity during the turns increased accordingly ( fig. 10D ). This shows 405 that bumblebees in our experiments seemed to have a specific frequency range, at which they 406 performed the CTD. However, this range did not appear to be much affected by the bees' position in the 407 arena. Rather a CTD seemed to be initiated after a broadly constant time interval rather than a specific 408 flight distance. 409 410 Discussion 411
On their first outbound trip bumblebee foragers are confronted with unfamiliar and largely 412 unpredictable surroundings of their nest hole. Therefore, they need to gather sufficient information 413 about these surroundings before they leave the vicinity of the nest hole, in order to be able to find it 414 again after a foraging trip. This implies a kind of innate learning program that controls at least the 415 learning behaviour after a forager bee leaves the nest hole for the first time. The diversity of 416 environments, however, makes it essential for the assumed innate learning program to be flexible to 417 adjust it to the particular surroundings. 418
Previous studies propose that insects take some kind of panoramic information at the target location 419 after leaving their nest. What information about the environment is stored and recalled on the return 420 ). The information stored at the goal location is assumed to be compared in an appropriate way with the corresponding environmental 427 information taken during the return flights to the nest. One way to accomplish this is to determine the 428 similarity of retinotopic representations of the environment and to move in a way that increases the 429 similarity (Cartwright and Collett, 1987; Vardy and Möller, 2005; Zeil et al., 2009 ). Another possibility is 430 not to store the information on a retinotopic basis, but to determine an average landmark vector (ALV). 431
The ALV is just the sum of vectors representing, for instance, the average brightness across elevation at 432 each azimuthal position, or of the vectors pointing to 'landmarks' identified in the retinal image. 433
Landmarks might be simple environmental features, such as trees. During the return flight the goal 434 direction is determined according to this scheme at any location as a difference between the average 435 landmark vector determined at the location and the corresponding vector determined at the current 436 location (Lambrinos et al., 1999; Lambrinos et al., 2000) . This kind of mechanism could be shown in 437 model simulations to be sufficient to account, within a catchment area, for local homing, i.e. for 438 returning of the agent back to its goal (Lambrinos et al., 2000; Möller, 2000; Stürzl and Mallot, 2006) . 439
The size and shape of the catchment area depends much on both the environment as well as the local 440 homing mechanism. 441 All the mentioned models for the explanation of local homing in insects have in common that the 442 information that is later used for returning to the goal is gathered locally at the goal location. These 443 explanatory models, although they can explain local homing, seem to be somehow in disagreement with 444 the concept of learning flights, where the insect is thought not to gather the relevant information just at 445 the goal location, but during the often complex outbound flights after leaving the nest hole. That insects 446 learn during their departure flights from the goal might be plausible, because of the animal's heading 447 direction during such flights: Wasps (Zeil, 1993a; Collett and Lehrer, 1993; Stürzl, 2016) honeybees 448 (Lehrer, 1991; Lehrer, 1993; Lehrer and Collett, 1994; Dittmar, 2011) The spatio-temporal characteristics of departure flights and, especially, the non-existence of a consistent 476 pattern in their fine structure as well as the great interindividual variability led us to a new hypothesis 477 regarding the functional significance of the departure flights. In particular, we hypothesise that bees 478 gather information only during the very initial section of the flights, while they are still very close to the 479 goal. In this section they are suggested to determine a dynamically representation of the surroundings as 480 seen from a very small region around the goal ('semi-local dynamic snapshot'). The later flight sections of 481 phase 1 of the departure flights (according to our classification explained in Results) are then 482 hypothesised to be employed to probe the quality and usefulness of this semi-local information as well 483 as the catchment area around the nest location. At the very beginning of the first outbound flight the 484 initially naïve insect might gather information about the surroundings of the nest entrance only relatively 485 locally, rather than during the entire phase 1 of the departure flights. Still, they might not take just a kind 486 of panoramic stationary snapshot. Rather, bumblebees are assumed to have to move in the close vicinity 487 of the nest hole: They need to turn around to get panoramic information about the environment. These 488 rotations should be interspersed with at least brief translational flight intervals (e.g. intersaccadic 489 intervals), if the animal needs to extract also information about the spatial layout of the environment 490 from the perspective of the nest hole. All this information might then be combined to a semi-local 491 representation of the behaviourally relevant environmental information quasi at the goal location. This 492 information may then be employed as a basis of some local homing mechanism (see above). Further 493 experiments are required which focus on the very initial phase of the departure flights while the bees 494 move very close to the nest location; a high spatial resolution is then required to allow us resolving both 495 body and head orientation in great detail. Since our current analysis covered the entire departure flights, 496 this detailed analysis in not yet possible on this basis. 497
If our semi-local dynamic snapshot hypothesis were correct, the question is still open, why the bees do 498 not just fly away after this very initial learning flight phase, but perform complex and time-consuming 499 flight manoeuvers before eventually leaving the vicinity of the nest. We here further hypothesise that 500 after this kind of semi-local dynamic snapshot has been determined at the goal location, the bee might 501 test the reliability of this representation of the goal environment and especially the catchment area 502 around the goal location. This might be a sensible strategy, because such a test phase might help to 503 ensure that the learnt information about the nest location is really sufficient to be able to relocate it 504 again after a foraging trip. 505
Overall, our hypotheses suggest that -in accordance with the common local homing models (see above) 506 -semi-local information is sufficient to guide the insect back to its home location on the return flights. If 507 this were correct, the observed inter-individual variability in the overall flight patterns would not be 508 deleterious, because most of this part of the departure flights were not a component of a learning 509 routine, but would just serve to probe the catchment area. This can, in principle, be done either 510 systematically or by a somehow random procedure. This issue needs to be tested in further modelling 511 analyses. In any case, as a consequence of such a scheme, the variability of departure flights is likely not 512 to be the outcome of some kind of noise originating at any information processing stage in the nervous 513 system, but part of a strategy probing the usefulness of the information acquired before at the goal 514 location. 515
Upcoming studies investigating the initial learning behaviour in hymenopterans must be designed in a 516 way to test, whether the phases after the initial sections of departure flights serve as a test for the 517 reliability of the catchment area using semi-local dynamic information about the goal environment, 518 actively gathered very close to the goal location. 519 
